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The application of a vibration-based methodology for the continuous measurement of the stiffness of sand–cement has recently been proposed
by the authors of this work. Such methodology consists of placing the sand–cement sample into a mould, then placing the mould in simply
supported conditions, and ﬁnally monitoring it over time to assess the evolution of its resonant frequency. This evolving resonant frequency
of the system can be analytically correlated to the stiffness of the tested material. Based on the success of the pilot application, this work has
been extended to the methodology of in situ sampling. Such an extension involves the use of new geometries and materials for the moulds.
The performance of the adapted technique is veriﬁed by comparing its results to those obtained through uniaxial compression cyclic tests up to
the age of 28 days. This work also encompasses the characterisation of the hydration kinetics of a cement paste, made with the same cement as
that used for cementing sand, and draws conclusions about the relationship of stiffness evolution in both materials.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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der responsibility of The Japanese Geotechnical Society.performance criterion, such as stiffness. For that purpose, some
of the most frequently used techniques are the plate load test
(PLT) (Gomes Correia et al., 2009a), the light falling weight
deﬂectometer (LFWD) (Benedetto et al., 2012; Gomes Correia
et al., 2009a; Alshibli et al., 2005) and the soil stiffness gauge
(SSG) (Gomes Correia et al., 2009a; Alshibli et al., 2005).
Despite the general acceptance of the PLT, this is a time-
consuming test that involves heavy work and usually provides
a very limited quantity of data (Gomes Correia et al., 2009a).
The LFWD and the SSG have the advantages of being portable
and easier to conduct. However, the results provided by these
two techniques frequently differ from those determined by
PLT (Gomes Correia et al., 2009a; Fleming et al., 2000;Elsevier B.V. All rights reserved.
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taken to develop a technique for application to sand–cement,
namely, wave propagation-based techniques such as ultrasonic
pulse velocity (US) (Khan et al., 2006), bender–extender
elements (BE) (Ferreira, 2009; Amaral et al., 2011; Viana da
Fonseca et al., 2009a; Rios Silva et al., 2009; Consoli et al.,
2012; Seng and Tanaka, 2011); torsional ring transducers
(Sharma et al., 2011) and the spectral analysis of surface waves
(SASW) (Yuan and Nazarian, 1993; Nazarian et al., 1996).
Resonant column methods have also been utilised to assess
the wave speed propagation in granular materials (including
stabilized soils) induced by compressive, torsional and ﬂexural
excitations to cylindrical specimens (Cascante and Santamarina,
1997; Cascante et al., 1998). However, the interpretation of the
results obtained with these wave propagation techniques is
frequently challenging and usually involves some uncertainty,
due to the inﬂuence of geometrical effects, experimental setups
and the algorithms used for data processing (Amaral et al.,
2011; Ferreira, 2009; Viana da Fonseca et al., 2009b; Yuan and
Nazarian, 1993; Beaty et al., 2002). Nonetheless, it is worth
remarking that the interpretation of resonant column-based
methods has been extended to the assessment of stiffness properties
with a basis on the resonant frequencies of the specimen (Cascante
et al., 1998; Guimond-Barrett et al., 2013).
In view of quality control techniques based on waves (e.g.,
bender–extender elements), Asaka and Abe (2011) and Asaka
et al. (2007) performed extensive work for the establishment of
a relationship between the unconﬁned compressive strength
and the shear wave velocity of cement-treated soil for 5 types
of soil. Their strategy allowed for the estimation of the in situ
strength of cement-treated soil derived by measuring the shear
wave velocity of the ground in the ﬁeld using bender elements.
In line with approaches for the quality control of cement-
stabilized soils, that are not based on a stiffness assessment,
several alternative control properties have been adopted, such
as compressive strength (Kim et al., 2010; Piratheepan et al.,
2012; Consoli et al., 2009; Horpibulsk et al., 2011; Taheri
et al., 2012; Kasama et al., 2012), indirect tensile strength
(Hossain et al., 2007; Niazi and Jalili, 2009) and durability
(Walker, 1995; Kamei et al., 2013).
In general, the quality control of the stiffness of sand–
cement, performed with any of the above-mentioned techni-
ques, is conducted at the reference age of 28 days. This means
that a relatively large time lag exists between the actual
compaction of the layer and the instant at which conformity
is checked, with signiﬁcant costs of reallocation of equipment/
staff in the case of rejection. For this reason, it is desirable for
contractors to have information about rejection/acceptance
within a short period after compaction. In view of this
requirement, the authors of the present paper have adapted a
recently developed methodology for concrete and cement
paste, which allows for the continuous monitoring of stiffness,
starting from the fresh state of the cement-based material
(Azenha et al., 2011). The methodology is termed Elasticity
Modulus Measurement through Ambient Response Method
(EMM-ARM) and its original implementation consists of
placing the tested material inside an acrylic mould, which isin turn setup as a simply supported beam (Azenha, 2009;
Azenha et al., 2010). By monitoring the accelerations of the
composite beam at mid-span, it is possible to perform output-
only modal identiﬁcation, thus obtaining a continuous record
of the ﬁrst ﬂexural resonant frequency of the beam. The
corresponding E-modulus (E) of the studied material can be
continuously and quantitatively assessed by applying the
dynamic equation of motion of the system.
Even though it is possible to think that the existing resonant
column method for geomaterials resembles the EMM-ARM,
several relevant differences exist that justiﬁed the extension of
this new approach to sand–cement: (i) the experimental setup for
EMM-ARM is far simpler and cheaper; (ii) no explicit excitation
device or timing is necessary in EMM-ARM; (iii) support
conditions are simpler and clearer. However, EMM-ARM fails
to be applicable under conﬁned conditions, making it more
advisable to use the resonant column method in distinct contexts.
As mentioned above, the EMM-ARM has recently been
extended for application to sand–cement (Azenha et al., 2011),
with the conception of a speciﬁcally devised mould with a “U”-
shaped cross-section, which calls for the compaction of the fresh
mix inside the mould. This adapted version of EMM-ARM has
been tested at early ages and its results were successfully
validated against other experimental techniques. Nonetheless, an
important challenge has been identiﬁed, namely, the necessity of
having an adequate mould for the in situ sampling to assure the
same material homogeneity and compaction as that of the
stabilized layer. Thus, it was the aim of the work presented in
this paper to cover the necessity of a sampling technique
suitable for the test moulds of EMM-ARM. Two sampling
techniques are proposed, based on lateral access to the
compacted layer and access from the top of the compacted
layer. Each of these two sampling techniques involves the use of
a distinct type of mould, in terms of both geometry and material.
The principles that back the design criteria of the moulds are
described, and the performance of the proposed moulds is
evaluated in view of the established principles. An experimental
program with the two sampling techniques and test setups of
EMM-ARM for sand–cement is presented, together with
complementary cyclic compression tests carried out on cylind-
rical specimens for a stiffness assessment. This research work
was further complemented with a comparative evaluation of the
hydration kinetics of the studied sand–cement, and that of a
cement paste of the same cement used for the sand stabilisation,
which was also measured with EMM-ARM. The purpose of the
comparison of the cement hydration kinetics in the sand–cement
and in the cement paste was a preliminary evaluation of the
possibility of using the results of the cement paste EMM-ARM
in homogenisation methodologies (Omine et al., 1998) to
predict the mechanical properties of sand–cement.
2. E-modulus measurement with EMM-ARM
2.1. General remarks
The EMM-ARM methodology was originally devised for the
continuous assessment of the concrete/cement paste E-modulus
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methodology was demonstrated by Azenha (2009) and
Azenha et al. (2010), and its results have been successfully
compared to those obtained through unconﬁned cyclic com-
pression (UCC) tests and loading cycles on the tested beam. In
its original conception for the study of concrete, the material
being tested was placed inside an acrylic tube, which was then
placed in simple supported conditions, and left undisturbed
throughout the entire testing period (thus, only excited by
vibrations that naturally occur in the surrounding environment
– ambient vibrations). By monitoring the accelerations of the
composite beam at mid-span, it was possible to perform the
modal identiﬁcation and to evaluate the ﬁrst ﬂexural resonance
frequency of the beam. The basic principle of this identiﬁca-
tion process assumed that ambient vibrations behave, on
average, as white noise (with equal energy at all frequencies
in a given range); and thus, the frequency response spectrum of
the beam in this study shall have peaks corresponding to the
natural resonance frequencies (Welch, 1967). The resonant
frequencies of the composite beam evolved as a result of the
increased stiffness of the cementitious material and were
correlated with the E-modulus of the tested concrete by
applying the dynamic equation of motion. Therefore, it was
possible to obtain a real-time curve for the ‘E versus time’.
The ﬁrst works with this technique applied to sand–cement
mixtures have demonstrated the possibility of monitoring the
evolution of the E-modulus of these materials at early ages
(0–7 days) (Azenha et al., 2011). In order to adapt this EMM-
ARM to the study of sand–cement, a few alterations were
necessary in regard to the original methodology devised for
concrete. In fact, the stiffness of hardened concrete is much
higher than the stiffness of sand–cement. Therefore, the mould
was redesigned to assure that the range in resonant frequencies
during the test would be large enough to allow the proper
identiﬁcation of the stiffness evolution. The redesigned mould
adopted in the pilot application for sand–cement (Azenha
et al., 2011) had a “U”-shaped cross-section (inner cross-
section of the sample of 40 mm 40 mm) and a span of
495 mm. The pilot application of EMM-ARM to sand–cement
with the above-mentioned mould had three fundamental
drawbacks: (a) due to the low slenderness of the composite
beam, the range in resonant frequencies during the experiment
(50–110 Hz) pertained to higher frequencies than previous
applications to mortar/concrete (8–40 Hz), thus, corresponding
to a less excitable beam in view of the ambient vibrations, and
bringing about the necessity for more sophisticated modal
identiﬁcation techniques and more accelerometers (3/beam);
(b) the “U”-shaped cross-section obtained by the gluing of the
acrylic plaques, ended up being sensitive to wear and some
decoupling was observed upon repeated use; and (c) the tested
material needed to be placed and compacted directly into the
mould, which may raise issues in terms of assuring the same
compaction level as that of the actual in situ compacted layer.
In order to overcome the limitations identiﬁed in the pilot
application, and bearing in mind the intentions of the in situ
sampling of the samples, two new moulds have been designed
in the scope of this research.2.2. EMM-ARM mould design
This section describes the design process of the EMM-ARM
moulds, including a description of the equation for the ﬁrst
resonant frequency of a simply supported beam and a descrip-
tion of the adopted geometry for the moulds.
2.2.1. Design considerations
Taking as an example a simply supported beam, with span L
subjected to a uniformly distributed load due to its self-weight,
the overall beam E-modulus E can be related to the resonance
frequency f of the beam through Eq. (1) (Clough and Penzien,
2003):
f ¼ π=ð2L2Þ 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
EI=m
p
ð1Þ
where m is the mass per unit length and I is the ﬂexural
moment of inertia of the composite beam. Note that, even
though Eq. (1) does not account for the concentrated masses
located at mid-span, such as that of the accelerometer, it may
be used for preliminary design purposes with negligible errors,
if a small mass for the accelerometer is assumed. For details on
the analytic procedure for the estimation of the E-modulus
with explicit consideration of the accelerometer’s mass, the
reader is directed to Azenha (2009).
Bearing in mind that the EMM-ARM beams are composite
beams and that the centres of gravity of the mould and of the
tested material are considered to coincide throughout the entire
test, it is feasible to indicate that the product of the overall
stiffness and inertia EI can be deﬁned as
EI ¼ ðEmImÞþðEscIscÞ ð2Þ
where subscripts m and sc refer to the mould and the tested
sand–cement, respectively, Em and Esc are the E-moduli and Im
and Isc are the ﬂexural moments of inertia. Therefore, once the
product EI is obtained from the identiﬁed resonant frequency
and the application of Eq. (1), Esc can be computed through
Eq. (2), as all other parameters are known. The above
derivations assume a full bond between the tested material
and the corresponding mould. In the testing process of sand–
cement, it has been observed that the chemical bond provided
by cement hydration is sufﬁcient to validate such an assump-
tion (partial cuts of tested specimens/moulds conﬁrmed ade-
quate adherence of the materials).
Taking into account the accumulated experience in previous
implementations, the following basic principles are considered
for the preliminary design of EMM-ARM moulds:(i) The resonant frequency of the composite beam should
remain within values under 50 Hz during the whole
testing time, allowing the beams to be easily excited by
the ambient vibrations;(ii) A signiﬁcant resonant frequency shift of the composite
beam during the experiment is desirable, so that a good
resolution in the E-modulus estimation can be achieved;(iii) The mould should endure negligible deﬂections, thus
assuring the absence of second-order geometric effects;
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mould. An important parameter proposed by ASTM
(2008), to evaluate the geometry of tubular samplers, is
the area ratio (AR) presented by Eq. (3). It was established
as a function of the internal and external diameters of the
sampler (di and do, respectively). The recommended value
for AR is 10% or less.
AR¼ d20d2i
 
=d2i ð3Þ(v) Mould type and experiment strategy should assure adequate
repeatability.475
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Fig. 1. Lateral view and cross-section of the PVC tubular mould.Particularly in regard to principles (i), (ii) and (iii),
sensitivity analyses were conducted, taking into account
typical values of the E-modulus of the sand–cement mixtures
after hardening (e.g., 7 GPa at an age of 28 days) as well as the
typical density of the sand–cement mixtures (e.g., 1850 kg
m3). Furthermore, a desired resonant frequency shift between
10 and 50 Hz during testing was imposed for the testing
beams. The lower bound of 10 Hz corresponds to the
resonance frequency at the initial time of testing; it was
selected to avoid any potential interference due to human
activities nearby which may interfere with modal identiﬁcation
at low frequencies (e.g., walking usually occurs around 2 Hz).
It should also be noted that limiting the minimum resonant
frequency of the beam also has a positive impact on the
limitation of its deﬂections, as stated in principle (iii). The
upper bound of 50 Hz corresponds to the resonance frequency
at the end of testing, which was limited based on the author0s
experience. In fact, as the resonant frequency increases, the
excitability of the beam decreases, making the output-only
modal identiﬁcation process more difﬁcult and less accurate.
In regard to principle (iii), the deformation δ at mid-span of
the beams was estimated with Eq. (4), where q is the total
distributed load per unit length (includes mould and tested
material). As the upper limit of the deformation at mid-span,
the L/500 value has been selected in accordance with the
recommendations of Eurocode2 (CEN, 2010) for concrete
structures. The stiffness of the sand–cement mixture was not
considered in estimating the deformation of the beam, which is
a conservative simpliﬁcation.
δ¼ 5qL4= 384EmImð Þ ð4Þ
Concerning the cross-sectional size, it was imposed that the
minimum dimension of the beams (diameter or edge) should
be at least 3 to 5 times larger than the maximum nominal size
of the particles of the tested mixture (ASTM, 2002). Sym-
metric cross-sections, in terms of the ﬂexural inertial moment,
where adopted, assure the coincidence of the gravity/rigidity
centres of the mould and of the tested mixture inside the
mould. Without this symmetry, the gravity/rigidity centre of
the composite mixture would vary during the test and Eq. (2)
would not be applicable, leading to a more complex processing
of the results.In previous works with the EMM-ARM technique, using the
“U”-shaped mould, some problems with wear were found. In
fact, after some utilizations of the mould, a certain amount of
detachment was observed in the glued connections between the
plaques. This poor performance jeopardises the reutilisation of
the mould and compromises the repeatability of the technique
using that kind of mould. In order to overcome this problem
and to satisfy item (v), the U”-shaped mould was abandoned
and new moulds were designed.2.2.2. Moulds geometry
Taking in account the principles described, two types of
moulds were designed in this work. One of the moulds was a
900-mm-long polyvinyl chloride tube (PVC – density¼1200
kg m3; Em¼3.4 GPa) with an inner diameter of 47 mm and a
wall thickness of 1.5 mm, as shown in Fig. 1. With this
conﬁguration, the expected range of resonant frequencies
for the sand–cement mentioned in the previous section is
13–45 Hz, satisfying principles (i) and (ii). The ratio deforma-
tion/span estimated for this beam was of about L/510,
satisfying (iii), and the computed area ratio was of 13.2%
which practically meets principle (iv). Even though this type of
mould cannot be reused, it is quite cheap when compared to
those used in previous works (Azenha et al., 2011) and has no
joints susceptible to debonding, thus contributing to the
satisfaction of principle (v).
The placement of samples into the tube can be made in situ
by inserting the tube laterally into the recently compacted layer
(see a detailed description of the sampling procedure in
Section 3). At the extremities of the beam, screws are used
to materialize the simple supports of the beam on stiff bases in
an analogous way to the original implementation of EMM-
ARM (Azenha et al., 2010).
The second redesigned mould, shown in Fig. 2, consisted of
4 polycarbonate plates (density¼1180 kg m3; Em¼2.2 GPa)
forming a hollow beam with an inner cross-section of
40 mm 40 mm to hold the cemented-sand sample. Screws
were used to connect the plaques, allowing the full disassem-
bly of the mould after testing. In order to accommodate the
screwed connections, the side plates had a larger thickness
(8 mm) than the other plates of the mould (3 mm). With this
conﬁguration, the expected range of resonant frequencies is
22–45 Hz and the estimated ratio deformation/span is L/1500,
satisfying principles (i), (ii) and (iii). The sampling process
required a specially designed sampler shown in Fig. 2(c).
Detailed information regarding the sampling procedure is
given in Section 3.
40
3
3
40 8
Mould
Wooden 
Sampler
8
40
40
16Units: mm
450
Accelerometer
8
40
Screws
Fig. 2. Prismatic mould: (a) Lateral view; (b) cross-section; and (c) scheme
of the set sampler/mould.
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After adequate sampling, both types of beams were placed
under simply supported conditions and the accelerations at
mid-span were monitored (PCB accelerometers: sensitivity
10 V/g; freq. range: 0.15–1000 Hz; mass 0.225 kg). The level
of the ambient vibrations was increased by placing a fan
nearby during the experiments. Despite the ﬁxed frequency of
the rotation of the fan, the complex turbulence associated with
the airﬂow caused corresponding excitation to the beam to
have a reasonably wide spectrum, thus resembling white noise
in the frequency range of interest, and improving the quality of
the modal identiﬁcation. The monitoring process was started
immediately after placement of the accelerometers, with a
24 bit data logger (NI-USB-9233) at a recording frequency of
200 Hz. Accelerations were recorded in sets of 300 s acquired
at intervals of 900 s of testing time (Fig. 3a). The recorded
accelerations were converted to the frequency domain by
applying Fast Fourier Transforms (FFT), using data segments
with 2048 points and Hanning windows with overlaps of 50%
(Welch, 1967). From the frequency response spectra obtained
for each 300 s period of testing (Fig. 3b) it was thus possible to
identify the resonant frequencies of the beam over the testing
time (Fig. 3c). The resonant frequency of the beam was then
related to the E-modulus of the tested material by the
application of the dynamic equations for the beam (Azenha,
2009). At end of this procedure, it was possible to plot the
evolution of the E-modulus of the tested material over the
testing time (Fig. 3d).
3. Experimental program
3.1. Materials, mixing and placement
The sand–cement was a mixture of a uniform river sand
(mainly composed of quartz, with traces of feldspar andbasalt), with 91.7% retained material between 0.425 mm and
0.25 mm sieves, and ordinary Portland cement CEM I 42.5 R
(CEN, 2005b). The mix contained 7% cement and 9% water,
measured in relation to the mass of dry sand. The mixture was
carried out in 3 consecutive batches by means of a mixer with
150-litre capacity. The materials were placed into the mixer in
the following order: sand: cement: water. After the introduc-
tion of water, the mixer was operated for 5 min. All times
mentioned in this document have the reference “instant” for
the time at which the water was mixed with cement in the ﬁrst
batch. Batches 2 and 3 were started 30 min and 55 min,
respectively, after beginning the ﬁrst batch. The mixture soil
was compacted inside a wooden box with inner dimensions
1.5 1.0 0.3 m, as shown on Fig. 4. Three layers of sand–
cement were consecutively executed with a height of 0.1 m
each. After placement of the stabilized mixture inside the
wooden box, each layer was compacted with a manually
operated cylinder compactor, 500 mm in width and 60 kg in
weight. Each layer was compacted until the prescribed layer
thickness was attained, thus assuring an expectable similar
density for all layers.
Simultaneously with the tests on stabilized soils, a cement
paste specimen was casted and tested with EMM-ARM
methodology, following the same procedure described by
Azenha et al. (2010). The cement paste contained the same
cement used for the soil stabilisation (CEM I 42.5R) and had a
water to cement ratio of 0.5. Mixing was done in an automatic
mortar mixer of 5 l according to EN 196-1 (CEN, 2005a), and
the initial time was considered to be the instant the cement and
water made contact.
3.2. Cyclic compression with/on sample strain measurement
Unconﬁned compression cyclic (UCC) testing with on-
sample strain measurements was performed to quantify the
E-modulus (Gomes Correia et al., 2009b) of specimens
sampled from the experimental layers. Two cylindrical speci-
mens with diameter/height of 100 mm/200 mm for the UCC
measurement (here referred to as UCC1 and UCC2) were
sampled directly from the compacted layer. The mould
consisted of a PVC tube which was pressed vertically on the
layer (from top) until total ﬁlling of the mould. UCC tests were
performed at the ages of 7, 14, 21 and 28 days. The UCC
equipment included a hydraulic actuator with 50 kN of
maximum load and 3 transducers (LVDT’s) supported by 2
rings attached to the specimens to measure the displacements,
as presented in Fig. 5. Each test involved 3 load/unload cycles,
with a loading velocity of 6.5 kPa/s and a maximum load of
10% of the strength of the sand–cement mixture at the age of
testing, obtained in previous batches of the same mix. For
illustrative purposes, the stress–strain curve obtained for the
UCC2 specimen at 7 days of age is shown in Fig. 6. In this
ﬁgure, it is possible to observe the strain level (around
5 105) of the loading and the quasi linear elastic behaviour
of the material. Such strain level is considered to be in the very
small strain domain, in accordance to existing studies with
cemented stabilized soils (Biarez et al., 2005).
Time domain
accelerations
Frequency spectra
Frequency versus
time chart 
… 
…
…
E-modulus evolution
with time 
FFT:
Welch (1967) procedure
Resonant frequency
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E-modulus estimation:
Azenha (2009) procedure
Time of testing
Instant t Instant tn
Fig. 3. Resonant frequency identiﬁcation over time and E-modulus estimation of the tested material. (a) Time domain accelerations, (b) Frequency spectra,
(c) Frequency versus time chart and (d) E-modulus evolution with time.
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3.3.1. Sand–cement
The sand–cement specimens for EMM-ARM testing were
obtained from the compacted layer and encompassed one
tubular specimen and two prismatic-shaped specimens. The
designation of the specimens and complementary information
are given in Table 1.
The 900-mm-long PVC tube used for specimen EMM-ARM
TH (shown in Fig. 1) was introduced horizontally on the
compacted layer by applying pressure in its free extremity.
This process was relatively easy and no tools or additional
devices were necessary. After the sampling process, the mould
was sealed in both extremities with wooden disks and screws.
The accelerometer was attached at mid-span (Fig. 1) and
monitoring of the acceleration was started. The sampling
procedure for the square cross-section mould EMM-ARM PI
(shown in Fig. 2) is less straightforward. The sample wasobtained from the top surface of the compacted layer, and the
process involved the necessity of using the sampling device
shown in Fig. 2(c).
The sampler held the two lateral plates of the mould, and it
was pressed vertically into the compacted layer according to
the progressive process shown in Fig. 7(a–d). This process
needed to be done sequentially by applying downward
pressure and removing small quantities of the sand–cement
around the sampler until the sample exceeded the top side of
the mould (Fig. 7d). The excess material was removed and the
top side of the mould was attached with screws (Fig. 7e).
Then, the set was rotated upside down, the sampler was
opened, the excess material was removed and the mould was
closed and screwed (Fig. 7f), forming the ﬁnal composite
beam. It should be noted that, being an initial prototype, this
sampling device was made of wood to reduce costs. In fact,
due to the low stiffness of the sampling device, difﬁculties
were observed during the insertion into the compacted layer
E = 4 184 417 KPa
R² = 0,9856
0
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Fig. 6. Stress–strain curve of specimen UCC2 obtained at the age of 7 days.
Table 1
EMM-ARM beams tested.
Mould type Qty Sampling type Reference
PVC tube 1 In situ EMM-ARM TH
Prismatic 1 In situ EMM-ARM PI
Prismatic 1 Reconstituted EMM-ARM PR
Layer
Layer
Layer
Layer
Layer
Fig. 7. Phases of the sampling process with the prismatic mould.
Fig. 5. UCC test specimen with LVDT’s mounted on the rings.
Fig. 4. Geometry and compaction of the layer.
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suitability of the method, further tests need to be conducted
with a stiffer material, such as steel.
The second prismatic EMM-ARM specimen, here termed as
EMM-ARM PR, was obtained without direct sampling from
the compacted layer. The strategy for ﬁlling the mould
attempted to reconstitute the compaction degree of the actual
layer. The reconstituted beam was executed by placing a
sample of sand–cement obtained from the layer inside the
mould with the top side removed. In order to achieve the same
density of the material on the layer, the sand–cement was
compacted with a steel rammer and the density was controlled
by weighing the sample.
The EMM-ARM tests on sand–cement started at the age of
approximately 3 h after mixing and were carried out for a total
period of 28 days. The initial 3 h of delay between mixing andtesting were related to logistics issues, such as the compaction
of the layers and sample gathering.
3.3.2. Cement paste
The experimental setup used for testing the cement pastes is
depicted in Fig. 8. The EMM-ARM used for monitoring
cement paste stiffness (Azenha et al., 2012a) consisted of
casting the cement paste inside a cylindrical acrylic mould with
J. Silva et al. / Soils and Foundations 54 (2014) 56–66 63a density of 1172 kg/m3 and Em¼4.72 GPa. The acrylic mould
was 550 mm long, with internal and external diameters of
di¼16 mm and do¼20 mm, respectively, inside which the
cement paste was cast (Granja, 2011). One extremity of the
composite cylinder was then clamped, whilst the other
remained free, forming a cantilever with a span of 450 mm.
A low-mass accelerometer (PCB: sensitivity 1 V/g; freq. range:
1 to 10,000 Hz; mass 23.25 g) was used to measure the
accelerations on the cantilever free end. The experiment started
at 0.2 h of age, and was conducted for a total period of 32
days, but only the ﬁrst 7 days have a continuous feed of data.
After these ﬁrst 7 days, the specimen remained untouched, but
the accelerometer was removed for other experiments in the
laboratory. At the ages of 14 and 32 days, the same accelero-
meter was placed in the specimen, and data pertaining to such
ages was collected.4
5
6
Pa
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3
4
Pa
)4. Results and discussion
4.1. Stiffness evolution of sand–cement
The frequency spectra obtained for EMM-ARM PR and
EMM-ARM TH beams at the ages of 0.2 and 21 days are
shown in Fig. 9. From this ﬁgure, it is possible to clearly
identify the resonant frequency at both ages (22.66–40.03 Hz
for EMM-ARM PR and 14.70–36.62 Hz for EMM-ARM TH),
as the corresponding peaks are quite easily distinguishable and
no relevant secondary peaks are observed in the frequency
range of interest. This shows the good performance of the
methodology adopted for modal identiﬁcation (Welch proce- 
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450 100
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Fig. 8. Scheme of the experimental setup.
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Fig. 9. Frequency spectra for the EMM-ARM PR anddure) with the use of a single accelerometer, and thus, makes it
unnecessary to use more sophisticated modal techniques (e.g.,
time domain) together with multiple accelerometers per speci-
men (Azenha et al., 2012b).
The bulk density of the specimens and the evolution of the
E-modulus of the sand–cement during the ﬁrst 28 days of age,
obtained through the monitoring of the resonant frequency of
the three beams, together with the discrete E-modulus from the
UCC tests, are presented on Fig. 10. Concerning the densities,
the obtained values are very similar in all specimens, except
for the EMM-ARM PI beam. The authors consider that this
higher value of density was caused by overcompaction during
the trimming of the sand–cement to the level of the mould
(operation occurred between the stages of sampling shown in
Fig. 7(d) and (e). This is an issue to address carefully in future
evolutions of this sampling technique. In regard to EMM-
ARM TH, the agreement with the UCC tests is remarkable at
all tested ages, with absolute differences in stiffness always
remaining below 5%. This is a very good indication of the
feasibility of using this kind of geometry and sampling
technique, which end up being simple and economical. It
can be further stated that, regardless of the observed quanti-
tative differences between Esc obtained for all EMM-ARM
specimens, their results allow a clear identiﬁcation of the early
hydration kinetics and the instant at which the rate of stiffness0.0E+00
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Fig. 10. Results of the continuous E-modulus monitoring with EMM-ARM
methodology and discrete values obtained in the UCC tests.
J. Silva et al. / Soils and Foundations 54 (2014) 56–6664development suffers an intense de-acceleration (at 4 days).
A brief reference is made to the interruption of the results in
EMM-ARM PI and EMM-ARM PR, observable in Fig. 10
between 16.5 and 18.5 days, and between 23 and 28 days.
These interruptions were caused by electrical problems in the
acceleration measurement. Nonetheless, the conclusions to be
drawn from the results of these specimens were not harmed by
such events.
Remarks should be also given regarding the EMM-ARM
results obtained with EMM-ARM PR and PI. The E-moduli
estimated with these two specimens are larger than those
obtained by EMM-ARM TH. This difference, particularly for
the case of EMM-ARM PI, is approximately 10% at most
instants. The authors consider that the main reason for the
observed differences is related to the distinct density of the
specimens, which is coherent with the differences in E-modulus
(see Fig. 10): the highest density corresponds to the higher
observed E-modulus, and conversely, the lowest density corre-
sponds to the lowest E-modulus. It is also interesting to observe
that this E-modulus vs density relationship can be conﬁrmed by
comparing the results of the UCC specimens (with an average
density of 1815 kg/m3) with the results of EMM-ARM TH,
which has a higher density (1860 kg/m3).0
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Fig. 11. E-modulus of the sand–cement and cement paste: (a) evolution up to 334.2. Hydration kinetics of sand–cement and cement paste
The sand–cement and cement paste E-moduli estimated with
EMM-ARM methodology are presented in Fig. 11(a). Even
though the cement paste reached higher values of E-modulus
evolution during the test time, both materials exhibited similar
hydration kinetics of the cement. In order to facilitate the
comparison of E-modulus evolution kinetics, the results of
Fig. 11(a) were normalised by dividing each specimen’s E-
modulus by its E-modulus at the age of 7 days, and the
corresponding plot is shown in Fig. 11(b). The normalised
values indicate similar hydration kinetics of both materials,
particularly after 2 days of age. In order to analyse the
relationship of hydration kinetics at very early ages, the data
of Fig. 11(b) is plotted for the ﬁrst three days of age in Fig. 11
(c). Interestingly, when observing these results in detail for the
ﬁrst hours of testing, a plateau is clearly identiﬁed in the ﬁrst
9 h of the cement paste specimen results which represents the
dormant period of hydration reactions, whereas the sand–
cement specimen shows a rising tendency right since the ﬁrst
instant of monitoring. This observed behaviour in cement paste
is usual, and has been widely reported (Maia et al., 2011,
Azenha, 2009, Torrenti and Benboudjema, 2005). In fact, in (Days)
0
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solid skeleton needs to be formed by hydrated cement. Before
such initial continuous skeleton, usually called a percolation
threshold, the behaviour of the material resembles a ﬂuid. This
is not the case for sand–cement, as it has an initial stiffness
associated with the sand particles themselves, which means
that the percolation threshold of solids has already been
achieved right after compaction. Therefore, any hydration that
occurs in the cement particles directly contributes to the
increase in stiffness of the sand–cement.
Overall, it can be stated that the expectable similarities of
the hydration kinetics of cement paste and sand–cement were
conﬁrmed and that this kind of knowledge can be explored in
future works, namely, for the stiffness prediction of soil
cement mixtures based on the hydration kinetics of cement
pastes.
5. Conclusions
Two sampling methodologies were proposed and tested to
collect sand–cement samples from stabilized layers immedi-
ately after compaction for the purpose of testing with the
EMM-ARM technique: sampling with a PVC tube or with a
prismatic mould inside a sampler device. A comprehensive
testing program was carried out in the sand–cement, involving
the use of three EMM-ARM specimens (two prismatic and one
tubular), and two specimens for UCC testing, with all speci-
mens being obtained from a pilot compacted layer in labora-
tory environment. In parallel, an EMM-ARM test was
conducted on a cement paste containing the same cement used
for the sand stabilisation.
In regard to stiffness monitoring in the cemented-sand, a
good coherence was found when comparing the results
obtained by the EMM-ARM technique with the results from
the UCC tests, thus demonstrating the feasibility of the
sampling techniques and the selected mould geometries. The
coherence between EMM-ARM and UCC was more evident
when the PVC tubular mould was used, as the resulting sample
density was also more consistent with that of the specimens
used for UCC testing. Even though the sampling using the
PVC tube is a very simple approach, it requires lateral access
to the compacted layer, which can represent a drawback from a
practical point of view. The sampling using a prismatic mould
inside a sampler can be done vertically through the surface of
the layer, but is more expensive and time-consuming as it
needs to be done in phases by inserting and removing the
material around the mould. Even though the results obtained
with the prismatic moulds were reasonable, improvements are
deemed necessary on the sampler and on assuring minimal
disturbance to the tested material during sampling.
The comparison of stiffness evolution of sand–cement and
cement paste allowed conﬁrmation of the expectable similarity
in hydration kinetics, but highlighted relevant differences at
very early ages. In fact, the typical dormant period observed in
the cement paste prior to the observable stiffness evolution was
not seen in the sand–cement. A plausible explanation for this
was found in the fact that the sand–cement had an initialstiffness right after compaction (unlike cement paste), and any
newly hydrated cement particle contributed immediately to the
increase in stiffness.Acknowledgements
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